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INTRODUCTION 

I n  the  Bureau o f  Mines S y n t h o i l  p rocess  f o r  conve r t ing  c o a l  t o  low-sul fur  f u e l  
o i l ,  a s l u r r y  o f  c o a l  i n  r ecyc led  oil i s  hydrodesul fur ized  i n  a t u rbu len t - f low,  f ixed -  
bed r e a c t o r  packed w i t h  p e l l e t s  o f  Co-Mo/SiO~-Al203 c a t a l y s t  (1,2,3) .' 
and 2,000-4,000 p s i ,  t h e  c o a l  i s  conver ted  t o  a l i q u i d ,  and s u l f u r  i s  e l imina ted  a s  
H2S. 
completely wh i l e  60-80 pe rcen t  of t h e  organic  s u l f u r  i s  e l imina ted .  I n  a prev ious  
experiment t o  de te rmine  t h e  r o l e  of t h e  c a t a l y s t  i n  h y d r o d e s u l f u r i z a t i o n ,  c o a l  s l u r r y  
was hydro t r ea t ed  i n  a r e a c t o r  packed wi th  g l a s s  p e l l e t s .  
p s i ,  the  p y r i t i c  s u l f u r  was e l imina ted  comple te ly ,  bu t  on ly  10-20 p e r c e n t  of t he  o rgan ic  
s u l f u r  was e l imina ted .  C l e a r l y ,  t h e  c a t a l y s t ' s  r o l e  i s  i n  t h e  e l i m i n a t i o n  of organic  
s u l f u r .  To f a c i l i t a t e  t he  sea rch  f o r  e f f e c t i v e  c o a l  hydrodesu l fu r i za t ion  c a t a l y s t s ,  
t h e  o rgan ic  s u l f u r  compounds formed i n  t h e  hydrogenat ion  of c o a l  have now been i d e n t i -  
f i e d ,  and q u a l i t a t i v e  informat ion  on t h e i r  r e l a t i v e  e a s e  of decomposition by Co-Mo/ 
Si02-Al203 c a t a l y s t  h a s  been ob ta ined .  

A t  450' C 

Of t h e  two p r i n c i p a l  forms o f  s u l f u r  i n  c o a l ,  t he  p y r i t i c  s u l f u r  i s  e l imina ted  

A t  450' C and 2,000-4,000 

EXPERIMENTAL 

F i f t y  g samples of c o a l s  were hydrogenated f o r  one hour i n  a r o t a t i n g  au toc lave  
No v e h i c l e  o i l  o r  c a t a l y s t  was added. a t  450' C and 4 ,000  p s i .  The p roduc t s  were 

sepa ra t ed  i n t o  l i g h t  o i l ,  heavy o i l ,  a spha l t ene ,  and benzene i n s o l u b l e  f r a c t i o n s  by 
convent iona l  methods. The o i l s  and a spha l t ene  were analyzed f o r  s u l f u r  compounds wi th  
a Dupont 2 1  l l O B  h i g h - r e s o l u t i o n  mass spectrometer. '  The s p e c t r a  r ep resen ted  t h e  por- 
t i o n s  of t h e  samples vapor ized  a t  300' C and t o r r .  Under t h e s e  c o n d i t i o n s ,  100 
p e r c e n t  of t h e  l i g h t  o i l s ,  about  60 pe rcen t  of t h e  heavy o i l s ,  and 55 p e r c e n t  of t h e  
a spha l t enes  vapor i zed .  

The r e l a t i v e  e a s e  of decomposition of t he  o rgan ic  s u l f u r  compounds was determined 
by conduct ing  5-pass hydrodesu l fu r i za t ion  experiments i n  t h e  cont inuous  fixed-bed 
r e a c t o r  of t h e  S y n t h o i l  process($).  The feed f o r  t h e  f i r s t  pas s  was a s l u r r y  of 
c o a l  i n  h igh- tempera ture  t a r  wh i l e  t h e  feeds  f o r  t h e  subsequent pas ses  were the  g ross  
l i q u i d  products  ( l i q u i d  p roduc t s  + unreac ted  s o l i d s )  from t h e  preceding  pass .  The 
g r o s s  l i q u i d  p roduc t s  from each  pass  were sampled and ana lyzed  f o r  s u l f u r  compounds 
by h i g h - r e s o l u t i o n  mass spec t romet ry .  

RESULTS AND DISCUSSION 

The ana lyses  o f  t he  Indiana  #5 c o a l  and t h e  Homestead mine, Kentucky, c o a l  used 
i n  t h i s  work a r e  g iven  i n  t a b l e  1. 
about  two- th i rds  o f  which was o rgan ic ,  whi le  t h e  Kentucky c o a l  con ta ined  4 .6  percent  
s u l f u r ,  about one - th i rd  o f  which was o rgan ic .  

* 

The Indiana  #5 c o a l  conta ined  3 . 4  p e r c e n t  s u l f u r ,  

Underlined numbers i n  pa ren theses  r e f e r  t o  t h e  list o f  r e f e r e n c e s  a t  t h e  end of 
t h i s  r e p o r t .  
Reference t o  a s p e c i f i c  make of equipment i s  done t o  f a c i l i t a t e  unders tanding  and 
does n o t  imply endorsement by t h e  Bureau o f  Mines. 
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Hydrogenation of  Coal Without C a t a l y s t  

The a n a l y s i s  of t h e  p roduc t s  from t h e  hydrogenat ion of  c o a l  w i thou t  c a t a l y s t  
is g iven  i n  t a b l e  2 .  
Kentucky c o a l  w e r e  converted t o  benzene s o l u b l e s  and gases .  The l i g h t  and heavy o i l s  
t o g e t h e r  amounted t o  about  50 percen t  of t h e  products  and t h e  a s p h a l t e n e s  t o  about  
20 p e r c e n t .  The h igh  conve r s ion  of c o a l  may be  noted.  Although no c a t a l y s t  was 
added, c a t a l y s i s  by c o a l  a s h  o r  a product of t h e  r e a c t i o n  may be  involved.  

About 94 percen t  of the Indiana 115 c o a l  and 9 1  percen t  of  t h e  

Organic  Su l fu r  Compounds i n  t h e  Products  of  Hydrogenation 

The organ ic  s u l f u r  compounds corresponding t o  t h e  empi r i ca l  formulas  de r ived  
from h igh- re so lu t ion  mass s p e c t r o m e t r i c  d a t a  f o r  t h e  products  of  c o a l  hydrogenat ion 
a r e  given i n  t a b l e  3 .  In  t h e  products  from Ind iana  115 c o a l ,  3 s u l f u r  compounds were 
found i n  t h e  l i g h t  o i l ,  9 i n  t h e  heavy o i l ,  and none i n  t h e  a spha l t ene .  The a spha l -  
t e n e  spectrum w a s  n o t  s u f f i c i e n t l y  r e so lved  t o  i d e n t i f y  s u l f u r  compounds. I n  t h e  
p roduc t s  from Kentucky c o a l ,  2 s u l f u r  compounds w e r e  found i n  t h e  l i g h t  oil, 5 i n  
t h e  heavy o i l ,  and 2 i n  t h e  a s p h a l t e n e  both of  whioh were a l s o  p r e s e n t  i n  t h e  heavy 
o i l .  Only 4 s u l f u r  compounds were common t o  t h e  products  from t h e  two c o a l s .  The 
most noteworthy f e a t u r e  about  t h e  compounds l i s t e d  i n  t a b l e  3 i s  t h a t ,  w i t h  t h e  ex- 
c e p t i o n  of  d i a l l y l  s u l f i d e ,  a l l  a r e  thiophene d e r i v a t i v e s .  The s t r u c t u r a l  formula 
of  t h e  compounds shown i n  t a b l e  4 i l l u s t r a t e  t h e  r e l a t i o n s h i p .  
s u l f u r  i n  c o a l  i s  be l i eved  t o  occur  i n  s e v e r a l  o t h e r  forms i n  a d d i t i o n  t o  th iophene ,  
namely t h i o l ,  t h i o e t h e r ,  d i s u l f i d e ,  and y-thiopyrone (k) ,  degrada t ion  s u l f u r  compounds 
from them were n o t  d e t e c t e d .  C l e a r l y ,  they were u n s t a b l e  a t  t h e  expe r imen ta l  condi-  
t i o n  and decomposed wi thou t  any e x t e r n a l l y  added hydrodesu l fu r i za t ion  c a t a l y s t .  

Although o rgan ic  

R e l a t i v e  Ease of  Decomposition of t h e  Organic S u l f u r  Compounds 
by Co-Mo/SiO,-Al,O~ C a t a l y s t  

S l u r r i e s  of t h e  Ind iana  #5 c o a l  i n  high-temperature t a r  were hydrodesu l fu r i zed  
i n  mult iple-pass  experiments  a t  2,000 p s i  and 4,000 p s i  (see Experimental) .  
of  t h e  products  from s u c c e s s i v e  pas ses  were analyzed f o r  s u l f u r  compounds. 
a r e  p re sen ted  i n  t a b l e  5. A t  2,000 p s i ,  t h e  f i r s t  pas s  product  con ta ined  on ly  3 s u l -  
f u r  compounds: benzothiophene,  dibenzothiophene,  and naphthobenzothiophene. The 
second p a s s  product also con ta ined  t h e  t h r e e  s u l f u r  compounds b u t  a t  lower concentra-  
t i o n s .  The t h i r d ,  f o u r t h ,  and f i f t h  pass  p roduc t s  contained on ly  benzothiophene and 
dibenzothiophene;  naphthobenzothiophene w a s  no longe r  d e t e c t a b l e .  A t  4,000 p s i ,  t h e  
f i r s t  p a s s  product con ta ined  a measurable concen t r a t ion  of dibenzothiophene and a 
t r a c e  of benzothiophene. The second,  t h i r d ,  and f o u r t h  pas s  p roduc t s  contained pro- 
g r e s s i v e l y  dec reas ing  c o n c e n t r a t i o n s  of dibenzothiophene and t r a c e s  of  benzothiophene. 
The r e s u l t s  show t h a t  amongst t h e  s u l f u r  compounds formed i n  t h e  hydrogenat ion o f  
c o a l ,  t h e  most d i f f i c u l t  t o  decompose i s  dibenzothiophene followed by benzothiophene 
and naphthobenzothiophene. 
compared t o  these t h r e e .  

Samples 
The r e s u l t s  

The remaining s u l f u r  compounds of  t a b l e  3 decompose r e a d i l y  

SUMMARY AND CONCLUSIONS 

Bituminous c o a l s  from Ind iana  1 5  seam and Homestead mine, Kentucky, were hydro- 
genated i n  a batch a u t o c l a v e  a t  450" C and 4,000 p s i  without  adding any c a t a l y s t .  
I n  one hour  more than 90 p e r c e n t  of t h e  c o a l s  were converted t o  benzene s o l u b l e  
l i q u i d s  and gases .  
them thiophene d e r i v a t i v e s .  
r e p e t i t i v e  h y d r o d e s u l f u r i z a t i o n  of c o a l  s l u r r i e s  w i t h  Co-Mo/Si02-A1203 c a t a l y s t .  
Dibenzothiophene i s  most d i f f i c u l t  t o  decompose, followed by benzothiophene and 
naphthobenzothiophene. 

The l i q u i d  products  contained 14  o rgan ic  s u l f u r  compounds, 13 of  
T h e i r  r e l a t i v e  ease  of  decomposition was determined by 
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TABLE 1.- Analys is  of c o a l s ,  as rece ived  

Hvbb 
Indiana  15 

c o a l  

Proximate A n a l y s i s ,  W t  P c t  

Mois ture  ....................... 6 . 1  
Ash ............................ 8.9 
V o l a t i l e  m a t t e r  ................ 38.6 
Fixed carbon ................... 46.4 

Ultimate A n a l y s i s ,  W t  P c t  

Mois ture  ....................... 6 . 1  
Ash ............................ 8.9 
Carbon ......................... 67.0 
Hydrogen ....................... 5.3 
Ni t rogen  ....................... 1 . 4  
Oxygen, by d i f f e r e n c e  .......... 7.9 
S u l f u r  ......................... 3.4 

a s  s u l f a t e  ................ 0.37 
a s  p y r i t e  ................. 0.98 
a s  o r g a n i c  ................ 2.07 

C a l o r i f i c  v a l u e ,  B t u / l b  .............. 11,750 

Hvab 
Kentucky 

c o a l  

2.9 
16.9 
36.5 
43.7 

2.9 
16.9 
63.4 

4 .8  
1 .3  
6 . 1  
4.6 
0.13 
3.03 
1.44 

11,500 

I 
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TABLE 2.- Ana lys i s  of  t h e  p roduc t s  of c o a l  hydrogenat ion,  
w t  p c t  of moisture-  and a sh - f r ee  c o a l  

From From 
Ind iana  15 Kentucky 

Coal Coal 

Light  oils ..................... 17.4 13  
( D i s t i l l a t e s  t o  105" C at 2-3 m Hg) 

Heavy o i l s  ..................... 30.6 
(Solubles  i n  benzene and n-pentane) 

Asphal tenes  .................... 20.3 
(Soluble  i n  benzene b u t  l n -  

s o l u b l e  I n  n-pentane) 

34 

18  

Organic benzene i n s o l u b l e s  ..... 5.8 9 

T o t a l  ........ 14.1 14 
- - 

Balance (gaseous hydrocarbons,  
HzS, NH3, CO,  CO,, H,O from 
make-water) .................. 25.9 26 

I' 
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TABLE 3 . -  OrRanic sulfur compounds in the products 
of coal hydrogenation 

Kentucky Coal 
Mol. 

-- m/e Form. Identification’ m/e w. 
Light oil 134 CgHgS Benzothiophene 98 CgHgS 

148 CgHgS Methylbenzothiophene 114 C6H’oS 
162 CIOHIOS Dimethylbenzothiophene 

Heavy oil 98 C5HsS Methylthiophene 208 C14HgS 

138 CgHloS Tetrahydrobenzothiophene 234 C16H10S 

174 CllHlOS Benzylthiophene 248 C17H12S 

184 C12HgS Dibenzothiophene 284 CZOHlZS 

198 C13HloS Methyldibenzothiophene 298 C21H14S 

208 C14H8S Benzo~nf~dibenzo- . 

234 C16H’oS Naphthobenzothiophene 
248 C17H12S Methylnaphthobenzothio- 

phene 
284 C20H1zS Dinaphthothiophene 

thiophene 

Identification’ 
Methylthiophene 
Diallylsulfide 

Benzoldef > 
dibenzothiophene 
Naphthobenzothio- 
phene 
Methylnaphthobenzo- 
thiophene 
Dinaphthothiophene 
Methyldinaphtho- 
thiophene 

Asphaltenes Spectrum not well resolved 234 C ~ ~ H ~ O S  Naphthobenzothio- 

284 C20H12S Dinaphthothio- 
phene 

phene 

Based upon molecular formula determined by high-resolution mass spectrometry. 
Other isomeric forms possible in some instances. 



98 CgHgS 

134 C g G S  

138 C~HIOS 

148 CqHgS 

162 ClOHlOS 

174 CllHlOS 

184 C12HgS 

198 C13H10S 

208 C14HgS 

234 C16HIOS 

248 C17H12S 

284 C ~ O H ~ ~ S  

298 C21H14S 
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& CH3 

CH3 
\ 

CH3 

/\ 

CH3 
/\ 

Methylthiophene 

Benzothiophene 

Tetrahydrobenzothiophene 

Methylbenzothiophene 

Dimethylbenzothiophene 

Benzy1thio;hene 

Dibenzothiophene 

Methyldibenzothiophene 

BenzoCdefIdibenzothiophene 

Naphthobenzothiophene 

Methylnaphthobenzothiophene 

Dinaphthothiophene 

Methyldinaphthothiophene 

TABLE 4.- Structural formulas of the organic sulfur compounds 
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TABLE 5.- Sulfur compounds in the products from 
multi-pass hydrogenation of Indiana #5 
coal with Co-Mo/Si02-A1203 catalyst 

A .  Operating pressure: 2,000 psi 

Concentration, as percent of ionization 
I Pass I1 Pass I11 Pass IV Pass V Pass - ~ - - -  Compound 

Benzothiophene 0.26 0.15 0.13 0.12 0.04 
Dibenzothiophene 1.67 0.70 0.70 0.49 0.27 
Naphthobenzothiophene 0.09 0.02 None None None 

B. Operating pressure: 4,000 psi 

Concentration, as percent of ionization 
I Pass 11 Pass 111 Pass IV Pass’ ---- Compound 

Benzothiophene trace trace trace trace 
Dibenzothiophene 0.30 0.17 0.08 0.07 

Only 4 passes were conducted at 4,000 psi. . 

1 7 

I 

I 


